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Computational Integration of Structural and Functional Genomics Data
across Species to Develop Information on the Porcine Inflammatory Gene
Regulatory Pathway
Abstract
We are investigating the porcine gut immune response to infection through gene expression profiling. Porcine
Affymetrix GeneChip data was obtained from RNA prepared from mesenteric lymph node of swine infected
with either Salmonella enterica serovar Typhimurium (ST) or S. Choleraesuis (SC) for 0, 8, 24, 48 or 504
hours post-inoculation (hpi). In total, 2,365 genes with statistical evidence for differential expression (DE; p
< 0.01, q < 0.26, fold-change> 2) between at least two time-points were identified. Comparative Gene
Ontology analyses revealed that a high proportion of annotated DE genes in both infections are involved in
immune and defence responses. Hierarchical clustering of expression patterns and annotations showed that 22
of the 83 genes upregulated from 8-24 hpi in the SC infection are known NF-KB targets. The promoter
sequences of human genes orthologous to the DE genes were collected and TFMExplorer was used to
identify a set of 72 gene promoters with significant over-representation of NF-KB DNA-binding motifs. All 22
known NF-KB target genes are in this list; we hypothesize that the remaining 51 genes are un-recognized NF-
KB targets. Integration of these results and verification of putative target genes will increase our understanding
of the porcine response pathways responding to bacterial infection.
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Abstract: We are investigating the porcine gut immune response to infection through gene 
expression profiling. Porcine Affymetrix GeneChip data was obtained from RNA prepared from 
mesenteric lymph node of swine infected with either Salmonella enterica serovar Typhimurium 
(ST) or S. Choleraesuis (SC) for 0, 8, 24, 48 or 504 hours post-inoculation (hpi). In total, 2,365 
genes with statistical evidence for differential expression (DE; p < 0.01, q < 0.26, fold-change> 
2) between at least two time-points were identified. Comparative Gene Ontology analyses 
revealed that a high proportion of annotated DE genes in both infections are involved in immune 
and defence responses. Hierarchical clustering of expression patterns and annotations showed 
that 22 of the 83 genes upregulated from 8-24 hpi in the SC infection are known NF-KB targets. 
The promoter sequences of human genes orthologous to the DE genes were collected and TFM-
Explorer was used to identify a set of 72 gene promoters with significant over-representation of 
NF-KB DNA-binding motifs. All 22 known NF-KB target genes are in this list; we hypothesize that 
the remaining 51 genes are un-recognized NF-KB targets. Integration of these results and 
verification of putative target genes will increase our understanding of the porcine response 
pathways responding to bacterial infection. 
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INTRODUCTION 
A major goal of genomics and bioinformatics research is the development of a 
"predictive" biology, or decreasing the uncertainty in describing individuals and 
populations and better prediction of the effects of genetic manipulations [ 1]. The 
data required for such depth of understanding is enormous and not yet available 
for any organism, and is especially complex for areas of biology that involve 
describing the output of multiple interacting molecules, cells and tissues. Immunology, 
which must account not only for proximate, stochastic and multiple intracellular 
responses to pathogens, but also understand long-range and short-range intercellular 
and intertissue communication, is a prime example. These interactions are interdependent 
and occur over multiple time scales, from minutes to years. 
To begin the accumulation of such data in the porcine species, and to explore 
the important genes and pathways controlling resistance to intracellular pathogens, 
we performed transcriptional profiling of the mesenteric lymph node (LMN) in 
pigs inoculated with either Salmonella enterica serotype Typhimurium or S. 
Choleraesuis (SC). Transcriptional profiling can be used to identify the major 
regulatory pathways in this response [2], as well as to distinguish the responsible 
pathogen in patients presenting with similar etiology [3]. Large-scale transcript 
profiles can identify novel genes activating or suppressing the immune response to 
pathogens, especially for data sets with multiple time points throughout the infection 
response. Such data can also predict those genes whose genetic variability may 
control differential host response. This latter possibility is a major potential application 
of our data toward improving genetic resistance to food-borne pathogens and thus 
improve food safety. Here, our analyses of the porcine response to inoculation of 
either of two Salmonella bacterial strains are reported, emphasizing the differences 
in acute innate immune responses to each bacteria. 
MATERIALS AND METHODS 
Animals, tissue collection, RNA isolation, and Affymetrix data production 
Piglets were weaned at 10 days of age and raised in isolation facilities to 7 weeks of age. Bacteriological 
culture of rectal swabs was performed twice to confirm that all pigs were free of Salmonella spp. Necropsy 
was performed on three control pigs per infection on day -3. On day 0, pigs in the infected group were 
intranasally challenged with 1 billion CFU of S. Choleraesuis x3246 or S. typhimurium x4232. At 8, 24, 48, 
and 504 hours post-infection (hpi), three randomly selected pigs were necropsied and mesenteric lymph nodes 
were collected. Total RNA was isolated(QiagenRNeasy) and labeled(GeneChip®One-Cycle kit). Hybridization, 
washing and scanning was done using Affymetrix protocols and equipment. 
Expression Data analysis 
Data from Affymetrix eel files were converted to gene signal files by MASS.O. Boxplot analysis using 
the natural log of the scaled median centered MASS.O data was used to check the uniformity of data (R2.0. l. 
software). To determine the expressed transcriptome of porcine MLN tissue, the number of genes showing a 
present call for all three replicates for at least one time point in each infection was calculated, removing 
duplicates across time points. Differentially expressed genes in each infection experiment were identified by 
the OLM procedure in SAS using Yi=µ+ Ti+&i where Yi is the natural log of the scaled median centered gene 
signal, T is the time-point fix effect, and & is the random residual error. As the two infections were done 
separately, a combined statisical analysis was not performed. Thus comparisons across infections do not have 
direct statistical evidence. 
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qPCR 
Real-time PCR was performed with 10011g cDNA (RNA equivalent) as previously described [2,4]. JMP 
5.0 Software (Cary, NC) was used to perform the statistical analysis of the qPCR data. The effect of ST or SC 
infection on swine MLN mRNA expression was evaluated by one-way ANOVA that compared C1 values 
obtained from the negative control and post-infection samples. Fisher's LSD post-hoc test was applied to 
assess differences between groups of pigs at different time points post infection. p:S:0.05 was considered 
statistically significant for all analyses. 
Gene Ontology annotation of Affymetrix probe sets 
A specific set of high level Gene Ontology (GO) terms which represent all host immune and regulatory 
response categories in biological process (GO slim) was created and GO analysis were performed fortranscriptome 
and DE genes as described before using this GO-slim [2]. 
Clustering 
After removing duplicates, genes which were found to be differentially expressed (DE, p < 0.01, 
fold change > 2 and q < 0.26) in at least one of the 10 possible time point pair-wise comparisons (8 h-
e, 24 h-C, 48 h-C, 21 d-C, 24 h-8 h, 48h -8h, 2ld-8h, 48 h-24 h, 21 d-24 hand 21 d-48 h) during ST 
infection (as well as these genes in the SC infection for comparison) were used to perform the hierarchical 
analysis and construct a heat map using the Gene Cluster 3.0 and tree view software (Stanford University, 
2002). 
Motif finding 
The 1,500 bp 5' and 500 3' bp (relative to the annotated transcription start site) of the human orthologs 
for all annotated and upregulated DE porcine genes were obtained using in-house PERL scripts. Human 
orthologs were separated into different groups: an early set of 83 sequences (E83); one late set of 319 
sequences (L3 l 9); five different randomly selected sets of 500 (A500, due to the 500-gene input limitation 
of TFM-Explorer) from the 560 upregulated and annotated genes across all time points. A list of genes 
known to be direct targets of NF-KB was obtained from two websites: http://www.nf-kb.org and 
http://bioinfo.lifl.fr/NF-KB/. The promoter sequences in these different groups were then searched for 
windows of sequence with over-representation of any of the available known NF-KB motifs defined by 
position-specific sequence matrices deposited in public TRANSFAC 7.0 (http://www.gene-
regulation.com/pub/databases.html) or JASPAR (http://jaspar.genereg.net/) using the default parameters of 
TFM-Explorer [5]. 
RESULTS 
Summary of mesenteric lymph node (MLN) transcriptome and MLN genes 
differentially expressed due to Salmonella infection 
When using a transcriptional profiling strategy, it is useful to determine the 
breadth of information obtained by the profiling tool used. Our results showed that 
16,229 probe sets and 16,046 probe sets detected MLN expression, during ST infection 
and SC infection, respectively. Combining data shows that 16,599 probe sets detected 
expression in MLN during either Salmonella infection. For ease of discussion, the 
data in the following text will be described in terms of genes; in most cases one or 
more probe sets per gene actually provided the transcriptional data mentioned. 
Statistical analyses (see Methods) putatively identified many genes as differentially 
expressed (DE) across time points during infection or between infected and uninfected 
animals (data not shown). As the two infections were done at different times, it is 
not possible to provide statistical support for comparisons across infection, but an 
analysis across all time points within infection showed that 848 and 1,853 genes 
were identified as DE (p < 0.01, q < 0.26, fold-change> 2) between at least two 
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time points during infection for the ST and SC experiments, respectively. There were 
336 genes common to these two lists, indicating that 2,365 genes were shown to be 
DE in total. 
Characterization of the transcriptional response to Salmonella 
. To identify the pathways affected by this differential response, a specific set of 
Gene Ontology terms associated with signal transduction and other processes relevant 
to immune response was enumerated (GO-slim; [2]). GO annotation of genes DE 
due to ST infection using this tool showed that DE genes annotated with "innate 
immune response," "immune response," "inflammatory response" and "defense 
response" were more highly represented as compared to those genes simply expressed 
in the MLN (transcriptome). To determine if this over-representation was primarily 
an induction or repression response, the DE genes were separately analyzed for GO 
terms. No category was more highly represented in the genes within the down-
regulated list in comparison to the induced gene list, but both "immune response" 
and "cellular metabolism" terms were over-represented in the up-regulated genes. 
The SC infection showed very similar results to the ST experiment with regard to 
the induced gene list, although genes with the term "cell adhesion" were over-
represented in the down-regulated group (Wang et al., manuscript submitted). 
To further explore the type of response obtained, sets of genes with similar 
expression patterns across all time points were determined by using hierarchical 
clustering of genes DE in the ST infection. A heat map, constructed to more easily 
visualize the expression patterns, and the cluster hierarchy are shown in Figure 1. 
Many different co-expression patterns can be discerned, and a clear difference in 
the transcriptional response to each serovar is also evident. Sets of genes that are 
up- or downregulated only in the ST infection can be identified, and several clusters 
of genes with interesting patterns across infections are shown in Figure 1. Of especial 
interest are the 105 genes found in cluster 1 (bar graph 1 ), which did not show a 
large change at 8 hpi, but which had an increased expression level, from 8 hpi to 24 
hpi, and then were down-regulated from 24 hpi to 48 hpi in the ST infection. In the 
SC infection, the expression of these genes gradually increased from 8 hpi to 24 hpi, 
reaching a peak response at 48 hpi. A majority of genes in this cluster are NF-KB 
target genes, cytokines and chemokines ([2] and Table 1 ). This sub-cluster indicates 
that the transcriptional response of these pathways in the host occurred earlier in the 
ST (at 24 hpi) than in the SC infection (48 hpi). Table 1 shows additional genes DE 
at specific time points relative to uninfected pigs that are connected to NF-KB in 
PubMed citations. Some of these genes are found in both ST and SC infections, 
especially between ST 24 hpi genes and SC 48 hpi genes, where 9 of the 13 genes 
up-regulated at 24 hpi in ST infected pigs were up-regulated at 48 hpi in SC infected 
pigs. 
This profiling data was then validated by using quantitative real-time PCR ( qPCR) 
for 21 genes. These genes included 18 known NF-KB target genes (ILJA,ILJ 5, CCL2, 
CCL3, CXCL5, PPBP, GBPJ, GBP2, PTX3, IKBA, JUNB, NFKBIZ, CD14, !CAMI, 
TLR2, GZMB, TAPJ and CCR5), one T cell marker gene (CD4), and CD163. In 
addition, although we did not find any oligonucleotide set representing the TGM3 
gene found in the Affymetrix microarray, qPCR analysis of TGM3 was conducted 
because it exhibited dramatic changes in expression (a fold change greater than 
1,000) at 48 hpi in porcine lung during SC infection [6]. TREMl was also selected 
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Fig. I : .Hierarchical clustering analysis of all genes showing differential expression among all possible 
comparisons m the ST mfection (p < 0.01 , fc > 2, q < 0.24). 
The heat map was built by using Gene Cluster 3.0 software and the detailed four sub-clusters were constructed 
by usmg the centroid value from Gene Cluster 2.0. Red colour represents downregulation and green shows 
upregulatton. 
for qPCR validation due to its similar expression pattern to the known NF-KB target 
genes: althou~h no rep~rts have shown that TREMJ is an NF-KB-regulated gene. 
The differential expression for all 20 genes with Affymetrix data except for CD4 
was confirmed by qPCR results, and the TGM3 gene was sho~n to be strongly 
induced in both infections ([2] and data not shown). 
Cell migrations cannot explain the differences in RNA levels in the MLN 
During bacterial infection, T lymphocytes in the lymph nodes encounter antigen 
presenting cells, primarily macrophages and dendritic cells, canying bacterial antigens 
from sites of infection. Cell migrations into or out of the lymph node could cause 
changes in the total RNA present in the MLN, and these RNA changes might be 
erroneously interpreted as a transcriptional response to infection within an immune 
cell type. To verify that the observed differences in gene expression during the 
infections are true transcriptional differences, the expression level of specific markers 
for T cells, macrophages, dendritic cells and granulocytes were evaluated (data not 
shown). No statistically significant changes in RNA levels for these marker genes, 
and thus no evidence of significant cell migration, was observed in either infection, 
indicating that the RNA differences observed are not primarily due to significant 
changes in the abundance of specific cell types in the MLN, but are instead likely 
to be representative of specific transcriptional or post-transcriptional responses within 
cells. 
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Table I: Upregulated genes at each early time point connected to regulatory factor NF-KB in 
PubMed text-mining. 
Time points NF-KB neighbours Total 
ST 8 hpi DAF, TLR9 2 
ST 24 hpi BIRC3, DAF, EDNI, FGF2, GADD45B, IFNG, !LIB, IRFI, PPARD, 13 SOD2, STATI, TRAF3, VEGF 
ST 48 hpi CCR5, MAP3K, SAAi, STATI 4 
SC 8 hpi EGRI, GRDD45B, JUN, KDR, MARP3Kll 5 
BIRC3, CCL2, CEBPB, CEBPD, CXCL2, CYCS, EDNI, GADD45B, 
SC 24 hpi !CAMI, IER3, ILIA, !LIB, IRFI, JUN, JUNE, LIPG, MAP3Kll, 21 
PTGS2, SELP, TGFBI, TNFRSFIA 
APP, BAX, BCL2, BIRC3, CASP3, CAST, CCL2, CCR5, CDKNIA, 
CEBPB, CEBPD, CEBPG, CFLAR, CSF3, CXCLI, CXCL2, CXCR4, 
CYCS, EDNI, ERBB3, FOS, GADD45B, GCLC, GRP58, HMOXI, 
SC 48 hpi !CAMI, IER3, IFNG, IGFI, ILIA, !LIB, ILIRI, IL6, IL8, !LIO, IRFI, 61 
JAK2, JUN, JUNE, LIPG, MT2A, NFKBIA, OLRI, PDGFRA, PTGSI, 
PTGS2, RACI, RXRA, SAAi, SELP, SOD2, STATI, STAT3, STAT5A, 
TGFBI, TLR2, TLR4, TNF, TNFRSF5, TNFRSFIA, VEGF 
Pathway analysis and regulatory motif searches show known NF-KB target 
genes and putative novel NF-KB targets are abundant in the early response to 
SC infection 
To better understand the large number of genes upregulated early in SC infection, 
two sets of these genes were investigated. We identified 83 annotated genes that 
were induced at either 8 or 24 hours post inoculation (called the Early set), 319 genes 
induced only at 48 hours post-inoculation (Late set), and 544 genes upregulated 
when all time points are compared (All set). Using available information (see 
Methods), we found that 22 Early genes (27%), 37 Late genes (12%) and 70 All 
genes (13%) are known NF-KB targets. As NF-KB is a well-studied inflammatory 
regulatory factor, these results indicated that co-regulation by NF-KB is a plausible 
mechanism for the co-induction of these genes, even though most are not recognized 
targets of NF-KB. To provide further evidence for this mechanism, and especially 
provide evidence for NF-KB regulation for the majority of these co-expressed Early 
and Late genes, the orthologous human promoter sequences were collected and TFM 
Explorer motif-finding software was used to identify those promoters with statistically 
significant over-representation ofNF-KB recognition sequence motifs. As shown in 
Figure 2, TFM Explorer found most known NF-KB target genes for all groups (from 
65 to 95%), indicating that the method is sufficiently sensitive. Interestingly, of the 
remaining genes with no published reports of direct NF-KB regulation, 51 of 61 
genes in the Early, 182 of 283 in the Late, and 357 of 485 in the All group were 
found to contain NF-KB binding motifs. 
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Putative NF kB Target Genes found by Motif Analysis of DE Genes 
Early Late 
Group Category 
All 
OKnown NFkB targets Found 
•unknown NFkB targets Found 
•Known NFk B targets not Found 
WUnknown NFkB targets not Found 
Fig. 2: Computational identification ofNF-KB binding site motifs at human orthologs of up-regulated genes 
predicts putative NF-KB target genes responding to S. Choleraesuis. 
Each bar graph shows for each gene group: a) the number of known genes with a promoter containing 
an NF-KB motif, b) the number of known target genes for which no motif was found in the promoter, 
c) the number of genes not known to be NF-KB targets for which an NF-KB motif was found, and d) 
promoters for which no motif was found. The number of putative novel NF-KB target genes identified 
by this approach is shown. 
DISCUSSION 
Transcriptional profiling of the porcine response to Salmonella using the Affymetrix 
Genechip was very productive, as large numbers of genes responding in time specific 
and pathogen specific patterns were identified. A strong host transcriptional response 
at 48 hpi with S. Choleraesuis infection in particular was observed. In this experiment, 
many genes that showed large expression changes were found, such as cytokines, 
chemokines and heat shock proteins. These generally overlap with sets of genes that 
have been implicated in the host response to infection [7,8] indicating that this data 
can be integrated with similar results in other species. However, we also identified 
a number of genes that had not previously been shown to be involved in the response 
to bacterial infection, such as STEAP4, PSTPIP2, LIPG, HK3, STXBPJ, ITPRJ, 
CA3, KRT 17 andP LN. Even though the biological function of these genes in infection 
remains unclear, this data more fully describes the transcriptional response to SC in 
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porcine MLN. Further, for both infections, DE genes with known immune function 
and those with unknown function add to the list of functional candidate genes for 
investigating the association between immune related traits and genetic variation. 
Polymorphisms of these candidates might be valuable markers for enhancing disease 
resistance, pig health, and food safety by molecular breeding methods. 
A predominantly inflammatory, Thi-directed immune response was observed 
during infection with either serovar, although the peak gene expression induction 
was at 24 hours in the ST experiment and at 48 hours in the SC experiment. This is 
consistent with the results from porcine lung during SC infection [6] and qPCR 
results in porcine MLN in both ST and SC infection [2,9]. Apoptosis was also a 
commonly induced pathway, as several genes were induced at 24-48 hours post 
inoculation (CASPJ, TGMJ) in ST and SC infected pigs, but we observed, as with 
the Thl response, thatthe magnitude of activation of this pathway in the SC experiment 
was higher and involved additional pathway members (CASP3, CASP4, GZMB). 
Many upregulated genes from the earliest time points during both infections (8-
48 hours post inoculation) were shown to be linked to, or regulated by, NF-KB, the 
central regulatory complex of inflammation [10], through Pathway Studio text-
mining software as well as specific literature reports (see Methods). The weaker 
inflammatory response observed in the ST infected animals extended to the lack of 
feedback control gene induction; NFKBIA and NFKBIZ genes, induced by NF-KB 
binding to dampen the inflammatory response dependent on NF-KB [ll], were 
induced only in the SC experiment animals. Further evidence that the molecular 
mechanism for co-expression of the large number of genes early in infection involved 
NF-KB was added by regulatory motif analysis of the orthologous human promoters 
of these genes. It was shown that a large majority of these co-expressed genes have 
NF-KB DNA binding motifs, indicating that they could be bound and directly regulated 
by NF-KB. Most of these co-expressed and NF-KB-motif containing genes have not 
been shown to be direct targets of NF-KB; these genes should be examined more 
closely to further explore the response to Salmonella in pigs and other mammals. 
CONCLUSION 
The confirmation of the microarray data by qPCR analysis of 21 genes shows 
that the Affymetrix platform efficiently and accurately measures transcriptional 
responses in gut associated lymph tissue, and identifies multiple pathways containing 
many known inflammaory genes, as well as many genes not previously implicated 
in innate resistance. Many genes were identified as responding to Salmonella infection 
within mesenteric lymph node, with clear differences between responses to SC versus 
ST infection. Significant numbers of genes are specific to the SC infection. Infection 
with ST resulted in upregulation offewer genes for shorter times. qPCR analysis of 
DE genes was very successful in validating Affymetrix data, indicating that the 
profiling data was reliable. Cluster analysis identified an acute response cluster of 
co-expressed genes dominated by known NF-KB target genes, providing a mechanism 
for the observed co-regulation. Comparative bioinformatic analysis identified many 
putative novel NF-KB regulatory targets during infection that were co-expressed 
with known NF-KB targets and have NF-KB regulatory motifs in human flanking 
DNA sequences. 
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